
Galileo  Orbit Determination I)uring  ‘l”hc Ida Encounter

P. G. Antreasian,  F. l’. Nicholson, P. 11. K~lle.xilcy]l,  S. Bhaskmm,  R. J. ~~aw,  P. }Ialmnlck

Jet Propulsion Laboratory
California lnstitutc  of “l”eclmology

Pasadena, California

Introduction

After gaining sufficient energy during its last flyby with I{mh on Dccembcr  S, 1992, the Galileo
spacecraft is on its way to Jupiter. En route. to Jupi[cr, Cialile.o  successfully encountc~cd  asteroid
243-Ida on August 28, 1993, marking al~othc:  milestone for the Galileo projc.ct.  Ic]a now has

become the second asteroid [o be visited by space.claft.  Galileo’s encounter with the asmoid 951-
Gaspra  On October 29, 1991 was the fi]st astc~oid  cncoutltcr. As the time of the Ida cnccmnter
appr-oached,  some unfortunate. circumstances occurred causin~  for a very wcmisome  but excitinc
encounter, especially with regards to navigation. In acidition to the nolninal  l?-way S- barid r~ngc
and Doppler radiometr-ic  data obtained from the Deep S1mcc  NetwoI  k (1 IS N), sewxal navigational
aids, were brought together to rtiaice  this encountct-  succcssfu]. ‘l”hese inclucic a thorough ~{mund  -
based observation campaign of the asteroid during the four years prior to ttle flyby  to significmitly
improve Ida’s ephemeris, anc~ the Optics] LNavigation piclllxe Callipaign  which helpc. ci to
significantly improve the uncertainties of C]alilco’s  rciativc position to Icia. ‘l”hc experience gained

from Gaiilco’s  encounter with Gaspra was also vc]y hclpfu]. “1’his  paper repom  on Galileo’s olbit
dctct-lninatio:i  strutcgy  during the period flftcx  the. last 1{:11 h cncountcr thrc)ugh  the Ida flyby.  IMai]s
in the modeling of GaIileo’s orbit, an~i in the navigational tcmls desc Iibed above  will bc cxplailicd,
and the, results of several key 01 bit solutions will be j~ivcn.

Idn was discovered in 1884, by J. Rlisa in Vienna. Ida is a t]xtliber  of the Koronis  family of
asteroids in the middle of the main astex-oid belt. l]ased on F,arth anti lRAS-based  observations, Ida
has been thought to be a relatively young S--I’ypC aste~-oi(i  witi~ ti iaxiai cllipsoici  dimcmsions of 53
km by 23 km by 18 km. First ciucs flom the Galileo’s obscwations  sug:cst Icia to bc lal~er and
nmch oidcr than previously thougi]t.

orbit De!crmination  Stra tegy

When Galileo approached Earth for the lrts~ time on its Vcr]~]s-}l:\rtll-Il:~rtl~-Gr:tvity-Assis[

(VIXGA)  tmjcctory, it was targetmi  to lda by obtai]ling  :1 px-ecise Earth flyby position a[ tin altitutic
c)f 304 kiiometer-s  over the South Atlantic Occ:in. It wosn’t dtxicied  until after the last EaI [b flyby,
however, to target the Ida flyby at a distance of 2400  kl]r, 75° South cciiptic Ia[itucic  thl-out#l  the

darksi[ie  of Ida. Many r~or]grtlvit:itioll:li  forces in!luc:lcui  Galileo’s tt[ljcctol y 011 its way to Icia;



.

these include solar pressure, unhahrtlced  attitude turns,  Rctlo-l>x-opt]lsic)z]  Module (RP.M) thmstcr
line clearing flushes, and a practice probe delivery spin-up to 10 Ipm and back down again  to the
nominal spin rate. Three trajectory collection maneuvers (“1’~M’s)  were planned M p~ccisely
achie.vc the desired target at Ma.

Galileo is nominally tracked by 2-way S-band Doppler and range radiometric  data obtained by the
70 m DSN antennae in California, Spain, and Australia. The Doppler data type measures line-of-
sight motion of the spaceerrrft  rdative  to Earth through frequency shifts in the nidio  sigtml. Relative
Earth-spacecraft distance is determined by the range data type which measurm  the round t]ip light-
time of the uplink carrier signal  modulated with a known digital code from the trackins  station to
the spacecraft and back to the station. Navigation based  solely on radiomctric  data couid not
successfully guide Galileo to its target  at lclti. “l-hercforc,  C)ptical  riavigation (C) PNAV) is required tc)
insure a successful asteroid encounter. OPNAV consists of takil~~  pictures of the :~ste!-c)ici agains{  a
background of stars. 7’hc angular separations between [he asteroid and stars in each image.  is then
mc.asured  to COIllpUtC  the spacecraft’s rdativc  position to lda. “1’hc process of de.tcmniriing  Galileo’s
orbit iWOIVtX f’itling  a nmthematical  reprCSC1ltfitiO1l  of CJ(~]ilCO’S 01 bit to observed position, VC]OCitY
information from the four types of clnta through a least squares method. Parametms  such as
spacecraft’s initia] state, solar mdiation pI cxsure.,  AV itnpulsc.s arc adjusted to miniT]iim rcsi{iuais
between the observed and computed orbits using  the 0{ bit lk[.erlninat  ion PI ogr~~m (0111’), which
uses a batch-sequential square root filtaing algorithm.

Improvement of Ida’s Kphemeris

The precise knowledge of Ida’s or-bit is essential to Galileo’s succcssfIIl  navigatic)li  to its target
aimpoint at Ma. Therefore, in addition to several dccaclcs  of otxe! vations of Icia, spc.cial  statc-of-
the-art CCD detectors, automatic mcasul-ing engines, sophisticate] data reduction techtliqucs  alc)n:
with a sckxd group of experienced observers and special Lick Obse.rv:itory refcrcncc star catalogs
were employed to determine Ida’s cphcmcris  with high precision. Astl omct[-ic obscl  vaticms of Icla
obtained accuracies of better  than O.? arc sccc]ncis  during the 1992-93 period. ‘I”hc final
observations included in this cinta set were reciuced using two stars dctcrmincd from the Ilippalcos
spacecraft and a plate overlap technique which obtained en-bit twsi(iuals of 0.06 alc seconds.
Expressed in the Rndi:ll-”l’rar]  svcrsc-Nc~n~l:Ll  (R7’N) coordinate. fran]e where R rc]]r-csen[s  the Sun-
astcroid unit vector, N is unit vector normal to orbit plane, ancl ‘I” is cn dlogc)nal to bc)th R a]lcl N,
the 1-6 uncertainty error ellipsoid of Icia’s position at encounter was 44 krri ill the R ccmlponcr][,
120 km in the T component and 81 km in the N direction. “1’hc se]nin]ajor  axis c)f this cllipsc)id is in
the direction of the asteroid’s mc)tion  which is closely dcline.d by the ‘1’ con-il]or)cr)t. Sincx this and
the N CO[lllJO[lent  errors represent p]anc of the sky nlotic)n as viewed from the. spaccc~ aft,
observations of Ida relirtive to ~lalilco  using  the OPNAV ]]ictules hcip reduce these unccrtain~its
significantly. l-he error in the R component cannot bc m.ciuctxi,  however, through OI>N/l  V, “l”hc
uncertainty in Galileo’s time of clc)scsl  ap}lrc~ac!l  (Q/\) willl I(ja is ~]1 ilIl:iI ilv dc[cmlliIlc(i by ttlis



error.

The Opticnl  Navigation Strategy

The failure of Galileo’s High Gain Antenna to open, se.ve,rcly  impacted  the number of OPNAV’S
that could be returned, The low data rate offered  by the Law  Ciain Antenna (I GA) ,significantl  y
lenghtened  the time to retur{~ each OPNAV.  The planned OPNAV  campaign using the 1,GA
consisted of shattering five pictures at 4’7, 37, 17, 11, and 7 days before  ~/A anti WCIC to be
returned at 42, 33, 13, 8, ancl 5 days respectively befol e ~/A.  OPNAV uses a single-  friinie mosaic
technique which involves leaving the carrlera shutter open while pcrforl]~ing sevmal small scan
platform slews to capture multiple sets of tistcroicl  arid star ima~es on one picture frame. ‘i’he dtita
weight given to each point on Ida’s 01’NAV iri~ag,es  was 0.35 of a pixci  based on cxpcliCnCC frcun
the Gaspra  encounter. Each OPNAV w:ts expcctcd  to contair] at IC:IS[ eight jmints to L]SC as
individual measurements.

Resul t s

Results of the encc)unter  are prcscntcci  in lcia’s B-plane, defined M a pianc centmcd at lda and
perpcnciicular  to the fipp:cmch asymptote. Fii:ure 1 illustrates the co]l]~)oncnts  of the II-plane
coordinate frame. The Ida 13-plane aimpoint  position origi]]ally selected for encounter was 2318 k]n
in the 13*1<  direction, –621 km in the. B*T direction find an cncountcr  tinlc.  on 28 August 1993,
16:51:00 lJ-IW. ‘1.hc first maneuver m target to lcia’s aitnpoir~t, “1.~~- 19, OWUI”IC.C]  011 Nlawh 9,
1993 with a AV of 2.12 m/s. Unfortunate] y, the spacecraft mtcred  al] automntic  cc)ntingcncy  II~cxie
pxior to OPNAV 1, preventing 01’NAV 1 floli~ occurring. ‘I>hc:  cf’m e., instead of iflcc>l ~m:[tirlg  two
OPNAV’S, the next nianeuver,  l“~M-20,  was cicsigncc]  with aIl orbit solution b:lsc.d on one
OPNAV.  The B-p~ane  parameters for this orbit solu[ion, 011 ;/73, wcI-e 2956.95. 83.1 Iclrr in the
B*R direction, -1073.0 ~: 53.4 km iti I\*l’ with an encounter time at 28 ~lugust  1993, 16:51 :58.2
U-1’(2 + 4.3 sec. 1’o place Galileo back on targe[,  the. cxccu(iori  of ‘1’C.M-20, 15 days before CYA,

required a AV of 0.618 m/s for a change iti Ida’s 11-plaric of 785.1 km and chansc  in tilnc of c/A
of 1.42 seconds. Prior to OPNAV 3, the spacecl  aft once again cntercci  ttlc ~utornatic  contingency
mode, thus losing OPNAV 3. Only 1/4 of OPNAV  5 was I“ccovcrc’ci  before the I)SN smticms were
directed to assist Mars observer during their prc-enccluntcr anormly. Thcrefom,  the final orbit
solution, OD #75, was based on two and one fourth OPNAV’S; this sc~lution  placed ~lalilec)’s
encounter at 2328.6 + 24.4 km in B*R, - 621.8 ?- 13.9 km in 11”’1” ancl tiriie.  of encountm at
16:52:59.2.  + 3.91. This was considet-eci sufficiently close to tile dcsireci target so that the. last
maneuver at -2 days (TCM-21 ) was not ncccssary  :Inc] t}lus canccllccl. Figure 2 shows the, Icia 1~-
planc results for the 01> 4/75 solution along with the targe.teci airn~lc)irlt.  ‘1’hc. success of this
cncxmntcr  can be exemplified by the high resolutiori picture of Icia received fmm ~]ali]co.  ]J)
addition, the location of the astcroi~i  within the picttuc rllosaic su:gests  that the orl)it sc)lutiorl was
better than anticipated.



Figure 1: The dcfini[ion  c)f the H-Plnnc coordinate fmmc..
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Figure  2: The
orbit
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Ma B-plane showing the target  aimpoint  and the final
solution, 01> #75, with 1-0 uncertainty ellipse.


